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Introduction
Liquid air energy storage (LAES) and pumped thermal electricity storage (PTES) are two emerging grid scale thermal storage technologies, which are good solutions for the intermittency and instability of electricity from renewable energy sources [1] [2] [3] . Cryogenictemperature cold storage is key to improving the overall performance of LAES and PTES systems [4] [5] [6] . At present, the two systems generally utilize packed beds for cryogenictemperature cold storage. However, packed beds have much room for improvement in energy storage capacity, efficiency and flexibility [7] [8] [9] [10] . Microencapsulated phase change material slurries (MEPCMSs) have great potential for dynamic and static cryogenic-temperature cold storage applications as they combine the advantages of phase change materials (PCMs) and liquid sensible energy storage materials, and are both transport media (heat transfer fluids) and thermal storage media. MEPCMSs consist of a carrier liquid and PCM microcapsules with a diameter of <100 μm, in general, small enough to be suspended in a carrier liquid.
Such partially melting and solidifying slurries can offer very high energy storage densities and heat transfer rates in charging/discharging processes [11] . The good flowability of the MEPCMSs allows them to be transported through pumping, and thus their flow rate can be easily adjusted to realize the desired stored amount of cold energy and objective temperature.
Furthermore, their apparent specific heats at set temperatures can be designed by addition of microcapsules with different melting point core PCM, in order to meet the significant specific heat changes of transcritical/supercritical fluids [12] . Therefore, the MEPCMSs can offer a much more flexible strategy for cold storage, which is extremely difficult to achieve using the conventional packed bed.
The utilisation of MEPCMSs will also have a significant impact on the cryogenic industry such as natural gas liquefaction and cold recovery in re-gasification, and air separation/liquefaction [13, 14] . However, most of the research has been conducted only on 1 moderate or high temperature MEPCMSs with melting points above -20 ˚C [15] [16] [17] [18] , whereas little research can be found on cryogenic MEPCMSs. Technically, the cryogenic MEPCMSs are more challenging compared to MEPCMSs applied at moderate temperatures due to deformation or fragility of the shell of microcapsules and poor heat transfer under cryogenic conditions. The success of MPCMSs in cryogenic temperature cold storage is dependent on the stability of microcapsules under repeated pumping, cyclic heating and cooling as well as long-term storage. As a result, it is important to understand the thermo-mechanical behaviour of MEPCMs in particular during the PCM solidification process.
Several studies have been devoted to the thermo-mechanical behaviour of encapsulated PCM. A composite of mixed graphite and nitrate salts is considered as a solid sphere of PCM encapsulated in a thick shell of graphite by Lopez et al. [19] and the shell was modelled as a closed elastic spherical shell with a mobile internal wall and a non-moving external wall.
Based on this model, the effects of the shell Young's modulus on the internal pressure, melting point and latent heat, were examined. Pitié et al. [20] extended the model to a shell of silicon carbide (SiC) with a free mobile external wall by incorporating the Lamé equations.
The variation of internal pressure due to the volume change during the melting process was analytically calculated based on the extended model with a given volume fraction of melted salts, leading to variations of melting point, enthalpy and stored energy. This indicates that the coated PCM should have a low volumetric expansion causing a lower pressure increase so that the coating SiC shell can avoid cracking. Based on the model, the temperature and pressure evolutions during the melting and solidification processes of copper-encapsulated nitrate spheres were simulated at a constant surrounding temperature by Parrado et al. [21] . In the simulations the heat transfer equation was decoupled with the mechanical stress equation.
Zhao et al. [22] compared the time of the melting/solidification process between metal and non-metal encapsulated PCM particles using numerical simulations of heat transfer regardless of pressure variation. The above investigations are only based on high-temperature thermal energy storage and thermo-mechanical analysis of millimeter-scale encapsulated PCM particles. Mechanical response and properties of microcapsules near room temperature were also evaluated via experiments by Giro-Paloma et al. [23] and Su et al. [24] , without considering the heat transfer behaviour. However, the thermo-mechanical behaviours of PCM microcapsules have rarely been studied for the purpose of cold storage. In particular, the effects of shell thickness and compositions on the thermo-mechanical behaviours have not been clearly addressed by previous studies.
It should be noted that the PCM solidification processes in cold storage are different from those in heat storage in terms of internal pressure and deformation mechanism of shells [20, 25, 26] . Because of the volume shrinkage of PCM during solidification in cold storage application, the internal pressure of microcapsule decreases while the external pressure is constant [27, 28] . When the external pressure is higher than the internal pressure, the spherical microcapsule shell is only subjected to uniform external pressure. The morphology or deformation of such a pressurised spherical shell is then crucial to its properties, such as optical, electromagnetic and heat transfer. The analytical studies of structural behaviour or buckling of complete spherical/spheroidal shells under external pressure have been widely conducted for various objects, including pressure vessels, spherical honeycombs [29] , natural fruits and vegetables [30] , spherical viruses [31] and biological cells [32] . Timoshenko et al.
[33] was first to introduce the formulation and solving approach for pressurised buckling of an empty and complete spherical shell based on the axisymmetric assumption and RayleighRitz approach. Sato et al. [34] conducted comparative studies between the exact and simplified approaches to validate the approximation based on the axisymmetric assumption and Rayleigh-Ritz approach. These works show that the approximate formulations enable sufficiently accurate values of the critical buckling pressure and the corresponding buckling mode number to be obtained. It can also be inferred from the work of Sato et al. [34] that when ⁄ <10 -3 ( is the core radius; is the core foundation modulus; and is the shell Young's modulus), the buckling behaviours of the shell filled with elastic materials is the same as that for the empty shell.
This paper presents a first attempt to understand the thermo-mechanical behaviour of spherical microcapsules containing PCM for cold storage application. The microcapsule fabrication process as well as shell modification is described and the morphologies of microcapsules are observed for mechanical analysis. A thermo-mechanical model is established for a single microcapsule during the PCM solidification process, taking into account energy conservation, pressure variation caused by volume shrinkage, pressuredependent solid-liquid equilibria, shell elastic deformation and buckling behaviour. As ⁄ <10 -5 in the present study which will be stated in Section 4, it is reasonable to assume that the buckling theory and the corresponding solving approach for empty complete spherical shells proposed by Timoshenko et al. [33] are applicable for the buckling analysis of the shell of PCM microcapsules [34] . On the basis of the model, the influences of shell thickness, shell composition and microcapsule size on the solidification process are studied, including the variations of pressure difference, freezing point, latent heat, solidification period and stored energy. The model is used to predict the critical bulking pressure and buckling mode of microcapsules for specific shell thickness and composition. The predicted buckling mode is then compared with experimental observations to validate the proposed model. The energy storage capacities are also compared between MEPCMSs and typical packed beds in LAES and PTES systems. This study can provide significant references for the design of PCM microcapsules without buckling and with better cold storage performance for MEPCMSs.
Microcapsule fabrications and testing
The microcapsule studied in this paper consists of melamine formaldehyde (MF) as shell material and Dowtherm J (DJ) as core PCM. The DJ is an aromatic mixture containing diethylbenzene as the main component with a freezing point of -81˚C, which was supplied by Dow Chemical Company, US. MF precondensate was purchased from British Industrial Plastics Ltd., UK. The MF shell microcapsules were fabricated via the in-situ polymerization method [35] . The morphologies of fabricated microcapsules after undergoing thermal cycling test were observed by a cryogenic scanning electron microscopy (Cryo-SEM, FEI Quanta 600 FEG SEM equipped with a Quorum PP2000T Cryo-stage). Fig. 1 (a) displays the Cryo-SEM image of the microcapsules with pure MF as shell material. It is observed that most of the microcapsules are broken, which is likely due to high brittleness at cryogenic temperature [36] . In order to avoid cracking, composite shell materials were adopted by adding aluminium oxide (Al 2 O 3 ) nanoparticles into MF or electroless copper (Cu) plating on the surface of the MF shell to improve shell mechanical properties. All chemicals used in the fabrication process of microcapsules were purchased from the Sigma-Aldrich, Inc., UK, unless otherwise specified. 
Mathematical Models
Geometry and initial hypotheses
The geometry of a spherical microcapsule is shown in [19, 20] .
Expression of pressure variation due to volume shrinkage
During the solidification process, the volume shrinkage of the PCM caused by the density difference between solid and liquid phases at a time is
where * is the ratio of solidified volume at a time t to the initial volume 0 of liquid PCM, which is referred to as solid fraction.
In view of the spherical symmetry of the studied microcapsule before buckling in a spherical coordinate system ( , , ), the displacement, strain and stress fields of the shell due to elastic deformation are only dependent on among the three coordinates. Furthermore, the displacement only has radial component (i.e. = ); the strain only has normal strain components , and with = ; and the stress also only has normal stress components , and with = . Therefore, the equilibrium equation without the body force can be simplified as
The pressure at the shell/PCM interface is equal to the liquid pressure , while the pressure at the external surface of the shell is equal to ambient pressure (atmospheric).
Thus, the boundary conditions for the elastic deformation of the shell are
where 0 and 0 are the initial radii of the internal and external walls of the shell, respectively. 8 The shell undergoes temperature change ∆ during the PCM solidification process. The thermal stress should be taken into account, which is proportional to the thermal expansion coefficient of the shell material . By combining strain-displacement and stress-strain relations with thermal stress [20] , the stress-displacement relations are obtained as
where and are Lamé's constants related to the Young's modulus and Poisson's ratio
Substituting Eqns. (4) and (5) into Eqn. (2), yields the simplified Lamé's equations as 
Solving Eqn. (7) with the boundary conditions in Eqn. (3), yields the elastic description of the system as
For = 0 , the volume displacement is written as
From Eqns. (1) and (11), it can be derived that
Before shell formation in the in-situ polymerization process, the liquid PCMs are dispersed in water as spherical droplets. Due to the surface tension, the internal pressure of the droplet is larger than the external pressure. The internal pressure of the droplet can be calculated according to the Young-Laplace equation. It can be assumed that the initial internal pressure inside microcapsules after shell formation is equal to the internal pressure of the droplet. The initial internal pressure is denoted as . Then the initial displacement at = 0 before solidification of PCM can be calculated as follows:
Therefore, Eqn. (12) can be changed to
and by combining with Eqn. (8) gives
Expression of freezing point and latent heat dependent on pressure
The liquid-solid phase equilibrium can be considered to exist at the solidification front, 
Then via factorizing by � − 0 � for Eqn. (17), the solution is derived as 
In a similar way, the variation of latent heat with pressure can be predicted. The enthalpy difference between the liquid and solid phases (i.e. latent heat) at thermodynamic equilibrium ( = ) can be expressed as [19] � , � = ∆ � , � .
For estimation of entropy variation ∆ � , �, Eqns. (16) allows writing
and thus
Values of parameters 0 , 0 , 0 , 0 , 0 , 0, 0 , 0 , 0 , 0 are usually available in the corresponding thermodynamic data bases. Eqns. (18) (19) (20) and (22) account for the variation of freezing temperature and latent heat with pressure.
Heat transfer modelling for spherical microcapsules
The enthalpy method based on a fixed grid [39] was used to model the PCM solidification process while the temperature was directly solved. According to the hypotheses (a) to (g), energy conservation equation can be written as
where � � is the equivalent heat capacity; denotes the temperature distributions in the PCM layer; is the equivalent thermal conductivity; is the equivalent density; Δℎ represents the solidification enthalpy which can be defined as a product of latent heat and local liquid fraction , i.e. Δℎ = ; and is the temperature distributions in the shell layer. � � , and are given by
= + (1 − ).
For the pure PCM with a fixed freezing point, the relationship between local liquid fraction and temperature can be described as
Boundary conditions of the problem are − = 0 at = 0, = , and = at = ,
where ( ) is the temperature at the external surface of shell. Initially, ( , 0) = ( , 0) = 0 , which is uniform. For the integration of the phase change into pressure variation in Eqn.
(15), an expression calculating * ( ) is required, which can be written as:
The total energy stored within the microcapsule during solidification mainly consists of latent energy and sensible energy, which can be expressed as
Buckling of uniform pressurised spherical shells
If a spherical shell is subjected to uniform external pressure, it may retain its spherical form and undergo only a uniform compression with radial displacement. The magnitude of the uniform compressive stress in this case can be calculated by Eqns. (9) and (10) . If the pressure increases beyond a certain limit, the spherical equilibrium form of the compressed shell may become unstable and buckling occurs [33] . As described before, the axisymmetric assumption has little effect on the calculated values of the critical buckling pressure and the corresponding buckling mode number [34] . Thus, it is assumed that the buckling deformation is axisymmetric with respect to the vertical axis in order to simplify the calculation of the critical pressure. Considering the discrepancy between theory and experiment existing during buckling of spherical shell under uniform external pressure [33, 40] , the actual critical buckling pressure can be obtained by modifying the theoretical expression, which is as
where is the shell thickness and is the correction factor which equals about 0.7 [41] .
Because of axisymmetric buckling, the small displacements of the shell during bulking from the compressed spherical form only have the components and , respectively, in meridian and radial directions and . The two components are calculated by [33] :
where (cos ) is Legendre functions; , can be obtained by solving
where = 2 (12 2 ) ⁄ ; = ( + 1) − 2; is an integer representing the buckling mode number. The relation between φ and is as follows [33] :
According to equation (32) , is selected to obtain the smallest value of φ where buckling may occur.
Results and discussions
Heat transfer and mechanical behaviour of the microcapsule during PCM solidification are simulated using validated models in Section 3. The temperature at the external surface of the microcapsule is decreasing as the microcapsules flow with the slurry in a heat exchanger for the charging process of cold energy. It is thus assumed that the temperature at the external surface of the microcapsule decreases from -80˚C to -85˚C at a cooling rate of 5˚C/min over the freezing point of -81˚C in the simulations. The external pressure of microcapsule is constant and equal to atmospheric pressure (≈0.1 MPa). As mentioned in Section 3.2, the initial internal pressure calculated according to the Young-Laplace equation equals about 0.11 MPa for the microcapsule with = 5 µm.
The thermodynamic properties of PCM (DJ) at atmospheric pressure 0 are listed in Table 1 [42] . The theoretical properties of pure MF are supplied in Table 2 for reference [43] .
It should be noted that the actual properties of the fabricated shell depend on the actual polymerization effect. Thus they are variable and different from the theoretical values, especially for the Young's modulus. The research of Giro-Paloma et al. [23] 
Validation of the model
In order to validate the proposed model, the results calculated based on the model established in this paper were compared with those in literature [19, 39] for the same problems and properties. Figs. 3(a, b) compare the temperature profile at t = 500 s and solidification rate in terms of liquid fraction for a square cavity containing PCM between the present study and the literature [39] . Results from both this study and literature are similar, suggesting that the heat transfer model for phase change based on the enthalpy method in 
Effects of shell thickness
The effects of shell thickness are analyzed for MF-Cu microcapsules with = 5 µm in this section. Fig. 4(a) illustrates the evolutions of differences between external and internal pressures under different shell thicknesses during the solidification process ( * : 0 → 1). The internal pressure is calculated from Eqn. (15) . As a consequence of PCM volume shrinkage, the internal pressure will be progressively decreased until zero and thus the pressure difference will be progressively increased until 0.1 MPa. The increasing rate of pressure difference decreases with the increase of ⁄ . The critical pressures calculated by Eqn. (29) are traced to compare the progress of the pressure differences to the buckling limits of the shells. Buckling occurs only when the pressure difference increases to the critical pressure. 
Effects of shell compositions
Comparative analysis is carried out among MF, MF-Cu and MF-Cu-Al microcapsules with =5 µm and ⁄ =100. The differences of shell compositions are reflected in the differences in the Young's moduli as described above. which coincides with the situation of freezing point as shown in Fig. 6(b) .
Effects of microcapsule size
The solidification processes are comparatively analysed for the MF-Cu-Al microcapsules with different sizes at ⁄ =100. It is obvious that the solidification period of PCM increases as the microcapsule size increases. The exact solidification periods for microcapsules with different sizes are shown in Fig. 7(a) . The solidification periods for microcapsules with = 5, 25 and 50 are 0.5 s, 2.1 s and 4.5 s, respectively. The solidification period will directly influence the charging efficiency of cold energy. In addition, the starting time for solidification is independent of the microcapsule size. The stored energy calculated by Eqn. (28) is also examined for microcapsules with different sizes at the same ⁄ as shown in Figs. 7(b, c) . The stored latent energy increases linearly regardless of microcapsule size, while the stored sensible energy is nearly constant because of the narrow temperature changes during the solidification process.
Critical pressure and buckling mode
According to the buckling theory, the condition for shell buckling is that the difference between external and internal pressures should be greater than the critical buckling pressure.
The external pressure is atmospheric pressure and the minimum internal pressure is zero, so that the maximum pressure difference is atmospheric pressure for the microcapsules. As shown in Fig. 8(b) , the buckling mode number obtained by solving Eqn. (32) increases with ⁄ and coincides with the calculation of Sato et al. [34] . This suggests that the microcapsules present different buckling modes at different ⁄ , because they are corresponding to the mode numbers. Figs. 9(a, b) demonstrate the buckling modes of MF-Cu microcapsules calculated from Eqn. (30) at ⁄ = 140 and 14, of which the mode numbers are 23 and 6, respectively. The buckling waves on one side of symmetry axis are labeled with numbers. The buckling deformation is asymmetric about the equator for the odd mode number as shown in Fig. 9(a) , whilst it is symmetric about the equator for the even mode number as shown in Fig. 9(b) . From the Cryo-SEM image in Fig. 9 (c) the shell thickness cannot be obtained, but it can be derived from the value of ⁄ in Fig. 9(a) . The resulting shell thickness is about 36 nm.
The cross-sectional TEM image of a buckled MF-Cu microcapsule obtained through experiments is shown in Fig. 9(d) . It can be observed from this figure that the microcapsule diameter is around 11 μm and the shell thickness is 386 nm. The value of ⁄ for the microcapsule in Fig. 9(d) is about 14, which is the same as that in Fig. 9 (b) . By Comparing
Figs. 9(b) and 9(d), it is easily found that the predicted buckling deformation and mode number are highly consistent with the experimental observations at the same ⁄ . This further confirms the validity of the proposed buckling model in Section 3.5. It should be pointed out that the buckling condition for a microcapsule of ⁄ = 14 under atmospheric pressure is ≤ 23 MPa, which is smaller than the adopted value of for the MF-Cu microcapsule above. It can be inferred that the small value of is a consequence of a poor quality of polymerization and electroless plating, which is likely to randomly occur during the fabrication process of microcapsules.
Energy storage capacity of MEPCMSs
A cold storage unit is the essential component for the PTES system [7, 45] and can also be applied to improve the round trip efficiency of the LAES system [8, 46] . Both McTigue et al. [7] and Sciacovelli et al. [8] used a packed bed as the cold storage unit for the PTES and LAES systems, respectively. In the packed bed, the storage medium is spherical pebbles storage medium can be fully utilized [48, 49] . Therefore, the difference in the energy storage density between the MEPCMS and packed bed will be further enlarged in actual applications.
In view of its higher energy storage capacity, using the MEPCMS as a cold storage medium can result in more compact PTES and LAES systems.
Conclusions
A 
